Introduction
Many complex and interesting phenomena in nature are due to nonlinear interactions of the constituents (Nicolis & Prigogine, 1977; Ball, 1999; Morowitz, 2002) . The study of nonlinear dynamical systems has achieved significant progress over the last four decades, which allows scientists to understand various rather complicated behaviors such as selforganization and pattern formation in the neuronal networks of brain (Scott Kelso, 1995) . Unusual properties of reagents in far-from-equilibrium conditions and the prevalence of instability where small changes in initial conditions may lead to amplified effects have been documented more than a century ago, but those nonlinear chemical phenomena did not get much attention until late 1960s after the discovery of oscillatory behavior in a homogeneous solution reaction between acidic bromate and malonic acid in the presence of metal catalyst cerium (Field & Burgur, 1985; Scott, 1994; Epstein & Pojman 1998; Sagues & Epstein, 2003) . The system is now commonly known as the Belousov-Zhabotinsky (BZ) reaction (Zaikin & Zhabotinsky, 1970; Field & Burger, 1985) . Since then, the study of chemical oscillations and wave formation has blossomed, which led to the observation of various nonlinear spatiotemporal behaviours such as both simple and complex oscillations in a stirred system (Smoes, 1979; Györgi & Field, 1992; Wang et al., 1995 Wang et al., & 1996 Zhao et al., 2005) , Turing pattern (Horváth et al., 2009) , target and spiral waves in a two-dimensional reactiondiffusion medium (Zaikin & Zhabotinsky, 1970; Winfree, 1972; Yamaguchi et al., 1991; Steinbock et al., 1995; Kádár et al., 1998) , and scroll waves in a 3-dimensional system (Welsh et al., 1983; Winfree, 1987; Jahnke et al., 1988; Amemiya et al., 1996) . Understanding the onset of those exotic phenomena in chemical systems has provided important insight into the formation of similar behaviour in nature (Goldbeter, 1996; Dutt & Menzinger, 1999; Dhanarajan et al., 2002; Carlsson et al., 2006; Chiu et al., 2006) . As opposed to nonlinear systems in physical and biological areas, in which dynamic control parameters are often inaccessible or difficult to adjust, chemical reactions can be conveniently manipulated through adjusting the initial concentration of each reagent, temperature, or flow rate in a continuously flow stirred tank reactor (CSTR) (Epstein, 1989; Mori et al., 1993; Amemiya et al., 2002) . As a result, chemical media have played a very important role in gaining insights into various nonlinear behaviors encountered in nature (Nicolis & Prigogine, 1989; Sørensen et al., 1990; Kumli et al., 2003; Kurin-Csörgei et al., 2004; McIIwaine et al., 2006) . Among existing chemical oscillators, the vast majority relies on a few elements that possess multiple oxidation states, such as halogens, sulfur and some transition metals. In 1978, Orbán and Körös carried out an extensive search to explore chemical oscillations in the oxidations of aromatic compounds by acidic bromate (Körös & Orbán, 1978; Orbán & Körös, 1978a; 1978b) . Because of the absence of metal catalysts, systems reported by Orbàn and Körös in 1978 and discovered more recently by other groups have been frequently referred as uncatalyzed bromate oscillators (UBO) (Farage & Janjic, 1982; Szalai & Körös, 1998; Adamcikova et al., 2001) . In general, reactions of UBOs represent the parallel running of oxidation and bromination of an organic substrate. This chapter described nonlinear chemical kinetics in the bromate-pyrocatechol reaction with or without the presence of metal catalysts (Harati & Wang, 2008a; 2008b) . The bromatepyrocatechol reaction system was initially investigated by Orbàn and Körös in 1978 (Orbán & Körös, 1978a 1978b) . Unfortunately, no oscillatory behavior could be observed. The absence of spontaneous oscillations in the earlier attempt has been attributed to two major factors: First, the reaction between acidic bromate and pyrocatechol results in the production of bromine, which inhibits autocatalytic reactions; secondly, the oxidation product of pyrocatechol is a stable benzoquinone. As is shown in our recent reports, upon extensive search in the concentration phase space the bromate-pyrocatechol reaction was found to be capable of exhibiting spontaneous oscillations in a stirred batch system (Harati & Wang, 2008b) . A phase diagram established in the bromate and pyrocatechol concentration space sheds light on why finding chemical oscillations in this chemical system is such a challenging task. Same as reported in other UBOs (Wang et al., 2001; Zhao & Wang, 2006 & 2007 , the bromate-pyrocatechol reaction exhibits subtle responses to illumination, where, depending on the reaction conditions, either light-induced or light-quenched oscillatory phenomena could be observed. The influence of metal catalysts on the nonlinear dynamics of the bromate-pyrocatechol reaction was also discussed here. (Harati & Wang, 2007b) . Shortly after mixing all chemicals together, Pt potential as seen in Fig. 1a exhibited clock reaction phenomenon, which was followed by gradual decrease for several hours. Phenomenologically, the excursion of the Pt potential was accompanied by a dramatic color change of the reaction solution from transparent to deep red. After the rapid color change, which has been observed in all of the following experiments, the red color gradually turned into yellow within the next two hours. Our experiments showed that for low bromate concentrations (<0.09 M), Pt potential of the system decreased monotonically after the initial excursion. Chemical oscillations were obtained when bromate concentration was increased to 0.093 M. Further increase of bromate concentration led to slightly irregular oscillations in Fig. 1c , where not only the amplitude but also the frequency of oscillation fluctuated. To show modulations in the oscillation frequency clearly, only the oscillation window is plotted in Fig. 1c , in which the long induction time period, similar to the ones plotted in Figs. 1a and 1b, is omitted. As bromate concentration was increased continuously, the system underwent reverse bifurcations leading the system back to non-oscillatory progress in time where the evolution of Pt potential was the same as that in Fig. 1a . For conditions employed in Fig. 1 , spontaneous oscillations have been obtained when bromate concentration was between 0.09 and 0.11 M (Harati & Wang, 2007b) . Figure 2a plots the number of oscillation peak as a function of bromate concentration, where it increases with bromate concentration and then drops sharply to 0 as the system moves out of the oscillation window at the high bromate concentration. Fig. 2b illustrates that the induction time (IP) of these spontaneous oscillations grows monotonically with the increase of bromate concentration. The extremely long induction seen here is similar to that reported in other uncatalyzed bromate oscillators (Farage & Janjic, 1982; Szalai & Körös, 1998; Adamcikova et al., 2001) Figure 3 presents temporal evolutions of the bromate-H 2 Q reaction under different initial concentrations of H 2 Q: (a) 0.038 M, (b) 0.044 M, and (c) 0.047 M. In Fig. 3a Pt potential exhibits a clock reaction phenomenon, followed by a gradual decrease. This behavior is the same as seen at a low bromate concentration, where the clock variation of Pt potential is accompanied by a dramatic color change of the reaction solution. When H 2 Q concentration was increased to 0.044 M in Fig. 3b , spontaneous oscillations took place at about 2 hours after the solution has turned into yellow. Further increase of H 2 Q concentration also resulted in some irregularity in those transient oscillations such as the one shown in Fig. 3c . Again, to show details of the chemical oscillations time scale in Fig. 3c is different from that used in Figs. 3a and 3b. Within the oscillation window the induction time decreased monotonically with the increase of H 2 Q concentration. On the other hand, the total number of oscillations increased rapidly as H 2 Q concentration became larger than the lower bifurcation threshold and then decreased gradually as H 2 Q concentration was increased further. The above results indicate that bromate and H 2 Q have opposite effects on the oscillatory behavior. Figure 4 is a phase diagram in the pyrocatechol -bromate concentration plane, where filled triangles denote the conditions at which the system exhibits spontaneous oscillations. Here, the concentration of H 2 SO 4 is fixed at 1.4 M. First glance of this phase diagram indicates that the oscillatory behavior exists over broad concentrations of pyrocatechol and bromate. However, at each given concentration of bromate (or pyrocatechol) there is only a narrow range of pyrocatechol (or bromate) concentration within that the system oscillates. This diagonal narrow band window sheds light on the difficulty of landing the initial conditions within such a window, when starting the experiments without existing information of this system. Dependence of the above chemical oscillations on H 2 SO 4 and bromate concentrations is summarized in Fig the conditions under which the system exhibits spontaneous oscillations. This phase diagram shows that when the concentration of H 2 SO 4 is larger than 2.5 M or smaller than 0.9 M, no oscillations can be obtained regardless bromate concentration. On the other hand, the range of H 2 SO 4 concentration over which the system exhibits spontaneous oscillations is broadened by lowering bromate concentration. Figure 6 presents time series of (a) the uncatalyzed and (b) ferroin-catalyzed bromatepyrocatechol reactions. In the uncatalyzed system, the Pt potential decreased gradually after the initial excursion and then reached a plateau. In general, one might have considered that this closed reaction is over. However, the Pt potential suddenly started oscillating after another two hours, and the oscillatory process lasted for longer than an hour with about 14 peaks. This result illustrates that under the conditions investigated here the uncatalyzed bromate-pyrocatechol is capable of exhibiting spontaneous oscillations. There is no periodic color change during the oscillation and thus the uncatalyzed system is deemed unsuitable for studying chemical waves in spatially extended media. In Fig. 6b , when 1.0 x 10 -4 M ferroin was added to the bromate-pyracatechol reaction, spontaneous oscillations commenced at about the same time as in the uncatalyzed system. However, there are significant changes in the frequency of oscillation and the total number of oscillations and both have been increased greatly. Notably, in this catalyzed system the oscillation lasted for longer than 4 hours. Our experiments illustrate that this system exhibits observable periodic color changes from yellowish to faint pink during the oscillatory window when the concentration of ferroin is above 1.0 x 10 -4 M. Further increase of the concentration of ferroin results in a better contrast, but reduces the lifetime of the oscillatory period. Furthermore, when ferroin concentration is higher than 1.0 x 10 -3 M no obvious color change could be seen in the stirred system. After oscillations in the ferroin-bromate-pyracatechol system stopped, the solution has a blue color if the concentration of ferroin added is above 1.0 x 10 -3 M, or a pink color when the ferroin concentration is less than 5 × 10 -4 M. Figure 7 summarizes the dependence of the number of oscillations (N) and the induction time (IP) on the concentration of ferroin. There is a sharp increase in the number of oscillations at a very low concentration of ferroin (10 -5 M), suggesting that the presence of small amounts of metal catalyst favours the oscillatory behaviour. As the amount of ferroin is increased, however, the number of oscillations decreases, which may be due to the increased consumption of the reactants. Notably, ferroin shows a little effect on the induction time (IP), where increasing ferroin concentration to 0.002 M only reduces the IP by about 10 percent (Harati & Wang, 2008a) . Figs. 8a and 8b show that increasing bromate concentration prolongs the induction period, which may arise from the production of larger amounts of bromine in the reaction solution. The number of peaks ascends first and then declines slightly with increasing bromate concentration. Under the conditions studied here, the concentration of bromate must be between 0.070 and 0.085 M for the system to show spontaneous oscillations. As shown in Figs. 8c and 8d, both N and IP increase monotonically with the increase of H 2 SO 4 concentration. The system does not oscillate when the concentration of H 2 SO 4 is higher than 1.4 M or lower than 1.0 M under the conditions studied. Figure 9 is a phase diagram of the ferroin-catalyzed system in the pyrocatechol and bromate concentration plane, where (♦) indicates the conditions under which the system exhibits spontaneous oscillations. Similar to the situation of the uncatalyzed bromate-pyrocatechol reaction, the first glance of this figure suggests that the system is able to exhibit oscillatory dynamics over a broad range of bromate and pyrocatechol concentrations. However, at each given concentration of pyrocatechol (or bromate), the proper concentration of bromate (or pyrocatechol) is quite narrow. This narrow band shaped phase diagram suggests that nonlinear behavior of this catalyzed system is more sensitive to the ratio of [H 2 Q]/[BrO 3 -] than their absolute concentrations. In comparison to the uncatalyzed bromate-pyrocatechol system, the presence of ferroin does not change the shape of this phase diagram, but makes the area of the parameter window slightly larger, implicating that ferroin favors the oscillations. Time series measured with a bromide selective electrode show that bromide concentration increases slowly during the long induction time and then starts oscillating (Harati & Wang, 2008b) . It is similar to the behavior reported in earlier studies of the uncatalyzed bromate-1,4-cyclohexanedione and bromate-1,4-benzoquinone reactions (Szalai & Körös, 1998; Zhao & Wang, 2006) , in which the accumulation of bromide precursors has been suggested to be responsible for the induction time. In this system, however, the initial addition of bromide, which leads to the rapid production of bromine and then causes the bromination of pyrocatechol, evidenced by mass spectrometry study (Harati & Wang, 2008b) , does not shorten the induction time. The slight decrease in the induction time observed at a very high bromide concentration may result from decreases in H 2 Q and BrO 3 -concentrations due to reactions with bromine. The insensitivity of the induction time to the initial presence of brominated substrates suggests that the governing mechanism of this oscillator may be different from UBOs reported earlier.
Experimental observation of spontaneous oscillations 2.1 The uncatalyzed bromate-pyrocatechol reaction

The ferroin-bromate-pyrocatechol reaction
The influence of Ce
4+
/Ce 3+ and Mn 3+ /Mn 2+ It is well known that metal catalysts such as ferroin participate the autocatalytic reactions with bromine dioxide radicals (BrO 2 *) and therefore redox potential of the metal catalyst in relative to the redox potential of HBrO 2 /BrO 2 * couple is an important parameter in determining the rate of the autocatalytic cycle, which in turn has significant effects on the overall reaction behavior. In the BZ reaction, four metal catalysts including ferroin, ruthenium, cerium and manganese can be oxidized by bromine dioxide radicals, in which the redox potential of HBrO 2 /BrO 2 * couple is larger than that of ferroin and ruthenium, but smaller than that of Ce 4+ /Ce 3+ and Mn 3+ /Mn 2+ . Therefore, it is anticipated that when cerium or manganese ions are introduced into the bromate-pyrocatechol reaction, behavior different from that achieved in the ferroin-bromate-pyrocatechol system may emerge. Figure 10 The sharp increase in the number of oscillations at the low concentration of cerium and manganese illustrates that the presence of a small amount of metal catalyst favours the oscillatory behaviour, similar to the case of ferroin. As the amount of catalyst (i.e. Ce 4+ or Mn 2+ ) increases, however, the number of oscillations decreases rapidly. It could be due to the increased consumption of major reactants, in particular bromate. Overall, the effect of Mn 2+ or Ce 4+ on the number of oscillations was not as significant as ferroin, although they doubled the number of peaks at an optimized condition. In contrast, the presence of a small amount of cerium or manganese dramatically reduced the induction time, where the induction time was shortened from about 3 hours in the uncatalyzed system to approximately half an hour when the concentration of manganese and cerium reached, respectively, 2.0 × 10 -4 and 5.0 × 10 -5 M . T h e I P b e c a m e r e l a t i v e s t a b l e w h e n t h e concentration of manganese or cerium was increased further. When comparing with the time series of the ferroin system presented in Fig. 6b , for the cerium-catalyzed bromate-pyrocatechol reaction the Pt potential stayed flat after the initial excursion. The amplitude of oscillation became significantly larger than that of the uncatalyzed as well as the ferroin-catalyzed systems; but, there was no significant increase in the total number of oscillations when compared with the uncatalyzed system. Unlike the ferroin-catalyzed system, no periodic color change was achieved and thus is unfit for studying waves. A short induction time and large oscillation amplitude (> 300 mV), however, make the cerium-catalyzed system suitable for exploring temporal dynamics in a stirred system. In particular, oscillations in the cerium system have a broad shoulder which may potentially develop into complex oscillations. Times series of the Mn 2+ -catalyzed bromate-pyrocatechol reaction is very similar to that of the cerium-catalyzed one, in which the Pt potential stayed flat after the initial excursion and the oscillation commenced much earlier than in the uncatalyzed system. The number of oscillations in the manganese system is also slightly larger than that of the uncatalyzed system. Overall, cerium and manganese, both have a redox potential above the redox potential of HBrO 2 /BrO 2 *, exhibit almost the same influence on the reaction behavior.
Photochemical behavior
Ferroin-catalyzed BZ reaction is insensitive to the illumination of visible light. As a result, the vast majority of existing studies on photosensitive chemical oscillators have been performed with ruthenium as the metal catalyst, despite that ruthenium complex is expensive and difficult to prepare. In Figure 11 , the photosensitivity of the ferroin-catalyzed bromate-pyrocatechol reaction was examined, in which the concentration of ferroin was adjusted. As shown in Fig. 11a , when the system was exposed to light from the beginning of the reaction, spontaneous oscillations emerged earlier, where the induction time was shortened to about 6000 s, but the oscillatory process lasted for a shorter period of time. The system then evolved into non-oscillatory evolution. Interestingly, after turning off the illumination the Pt potential jumped to a higher value immediately and, more significantly, another batch of oscillations developed after a long induction time. The above result indicates that the ferroin-bromate-pyrocatechol reaction is photosensitive and influence of light in this ferroin-catalyzed system is subtle. On one hand, illumination seems to favor the oscillatory behavior by shortening the induction time, but it later quenches the oscillations. In Fig. 11b the concentration of ferroin was doubled. When illuminated with the same light as in Fig. 11a from the beginning, no oscillation was achieved, except there was a sharp drop in the Pt potential at about the same time as that when oscillations occurred in Fig. 11a . After turning off the light, the un-illuminated system exhibited oscillatory behaviour with a long induction time. We have also applied illumination in the middle of the oscillatory window, in which a strong illumination such as 100 mW/cm 2 immediately quenched the oscillatory behaviour and oscillations revived shortly after reducing light intensity to a lower level such as 30 mW/cm 2 . Interestingly, although ferroin itself is not a photosensitive reagent, here its concentration nevertheless exhibits strong influence on the photoreaction behaviour of the bromate-pyrocatechol system. Carrying out similar experiments with the cerium-and manganese-catalyzed system under the otherwise the same reaction conditions showed little photosensitivity, in which no quenching behaviour could be obtained, although light did cause a visible decrease in the amplitude of oscillation.
Modelling
The model
To simulate the present experimental results, we employed the Orbán, Körös, and Noyes (OKN) mechanism (Orbán et al., 1979) proposed for uncatalyzed reaction of aromatic compounds with acidic bromate. The original OKN mechanism is composed of sixteen reaction steps, i.e., ten steps K1 -K10 in Scheme I and six steps K11 -K16 in Scheme II as listed in Table 1 . We selected all ten reaction steps K1 -K10 from Scheme I and the first four reaction steps K11 -K14 in Scheme II. The reason behind such a selection is that all reaction steps in Scheme I as well as the first four reaction steps in Scheme II are suitable for an aromatic compound containing at least two phenolic groups such as pyrocatechol used in the present study. Reaction steps K15 and K16 in Scheme II, on the other hand, suggest how phenol and its derivatives could be involved in the oscillatory reactions. There is no experimental evidence that pyrocatechol can be transformed into a substance of phenol type, we thus did not take into account reactions involving phenol and its derivatives. The model used in our simulation consists of fourteen reaction steps K1 -K14, and eleven variables, BrO 3 -, Br -, BrO 2 *, HBrO 2 , HOBr, Br*, Br 2 , HAr(OH) 2 , HAr(OH)O*, Q, and BrHQ, where HAr(OH) 2 is pyrocatechol abbreviated as H 2 Q in the experimental section, HAr(OH)O* is pyrocatechol radical, HArO 2 is 1,2-benzoquinone and BrAr(OH) 2 is brominted pyrocatechol. The simulation was carried out by numerical integration of the set of differential equations resulting from the application of the law of mass action to reactions K1 -K14 with the rate constants as listed in Table 1 . The values of the rate constants for reactions K1 -K3, K5, K8 have already been determined in the studies of the BZ reaction, and those of all other reactions were either chosen from related work on the modified OKN mechanism by Herbine and Field (Herbine & Field, 1980) or adjusted to give good agreement between experimental results and simulations. a Herbine and Field 1980. b Adustable parameter chosen to give a good fit to data. c Not used in the present model. In this scheme, HAr(OH) 2 represents pyrocatechol compound containing two phenolic groups, HAr(OH)O* is the radical obtained by hydrogen atom abstraction, HArO 2 is the related quinone, BrAr(OH) 2 is the brominated derivative, and Ar 2 (OH) 4 is the coupling product; HAr(OH) is phenol, HArO* is the hydrogen-atom abstracted radical, and Ar(OH) 2 is the product. Figure 12 shows oscillations in three (Br -, HBrO 2 , and HAr(OH)O*) of the eleven variables obtained in a simulation based on reactions K1 -K14 and the rate constant values listed in Table 1 . The initial concentraions used in the simulation were [NaBrO 3 ] = 0.08 M, [HAr(OH) 2 ] = 0.057 M, [H 2 SO 4 ] = 1.4 M, and [Br -] = 1.0 x 10 -10 M with the other initial concentrations to be zero with reference to those in the expreimental conditions as shown in Fig. 1 . Other four variables, BrO 2 *, Br*, HOBr, and Br 2 , exhibited oscillations, whereas the rest variables, namely, BrO 3 -, HAr(OH) 2 , HArO 2 , and BrAr(OH) 2 , did not exhibt oscillations in the present simulation. Fig. 1 . Although the concentration of bromate in the simulation is slightly smaller than that in the experiments, the agreement between experimentally obtained redox potential (Fig. 1) and simulated oscillations as shown in Figs. 12 and 13 is good. In particular, the induction period and the period of oscillations are similar in magnitude, as well as the degree of damping. The number of oscillations, and the prolonged period of oscillations near the end of oscillations are also similar between experimental and simulated results as shown in Fig. 1 (c) , Fig.3 (c) , Fig.12, and Fig.13 . The above simulation not only supports that the oscillatory phenomena seen in the batch system arises from intrinsic dynamics, but also provides a tempelate for further understanding the mechanism of this uncatalyzed bromate-pyrocatechol system. While the above model is adequte in reproducing these spontaneous oscillations seen in experiments, the concentration range over which oscillations could be achieved is somehow different from what was determined in experiments. In the simulation, oscillatins were obtained in the range of 0. Fig. 3 (a) . The discrepancy in the suitable concentration range between experiment and simulation may arise from two sources: (1) the currently employed model may have skipped some of the unknown, but important reaction processes; (2) the rate constants used in the calculation are too far away from their actual value. Note that those values were original proposed for the phenol system (Herbine & Field, 1980) . To shed light on this issue, we have carefully adjusted the values of the adjustable rate constants in K4, K6, K7, K9 -K14, but so far no significant improvment was achhieved. Two other sensitive properties that can help improve the modelling are the dependence of the number of oscillations (N) and induction period (IP) on the reaction conditions. In experiments, the N value increased monotonically from 4 to 15 as bromate concentration was increased and then oscillatory behavior suddenly disappeared with the further increase of bromate concentration. In contrast, in the simulation the number of oscillations decreased gradually from 17 to 9 and then oscillatory behavior disappeared as the result of increasing bromate concentration. On the positive side, IP values increased in both experiments and simulations with respect to the increase of bromate concentration, i.e., from 9100 s to 11700 s in the experiments, and from 8000 s to 9700 s in the simulations, respectively. We would like to note that the simulated IP values firstly decreased from 12600 s to 7500 s with increase in the initial concentration of bromate from 0.03 M to 0.06 M, then increased from 7600 s to 9700 s with increase in the bromate concentration from 0.07 M to 0.11 M.
Numerical results
Simplification of the model
In an attempt to catch the core of the above proposed model, we have examined the influence of each individual step on the oscillatory behavior and found that reaction step K12 in Scheme II is indispensable for oscillations under the present simulated conditions as shown in Fig. 12 . Such an observation is different from what has been suggested earlier steps K1 to K10 would be sufficient to account for oscillations in the uncatalyzed bromatearomatic compounds oscillators (Orbán et al., 1979) . For the Scheme II, our calculations show that while setting one of the four rate constants k 11 to k 14 to zero; only when k 12 was set to zero, no oscillation could be achieved. We further tested which reaction steps could be eliminated by setting the rate constants to zero under the condition of k 12 ≠ 0. The results are as follows: (i) when three rate constants k 11 , k 13 , k 14 were simultaneously set to zero, no oscillation was exhibited, (ii) when only one of the three rate constants was set to zero, oscillation was observed in each case, and (iii) when two of the three rate constants were set to zero, oscillations were exhibited under the condition of either k 13 ≠0 (k 11 =k 14 =0) or k 14 ≠0 (k 11 =k 13 =0) with the range of the rate constants as 3.0 × 10 3 < k 13 (M -1 s -1 ) < 2.9 × 10 4 and 2.2 × 10 3 < k 14 (M -1 s -1 ) < 6.0 × 10 4 , respectively. Thus our numerical investigation has concluded that oscillations can be exhibited with minimal reaction steps as ten reaction steps in Scheme I together with a combination of two reaction steps either K12 and K13 or K12 and K14 in Scheme II. Fig. 14 presents time series calculated under different combinations of reaction steps from scheme II. This calculation result clearly illustrates that the oscillatory behavior is nearly identical when the reaction step K11 was eliminated. Meanwhile, eliminating K13 or K14 seems to have the same influence on total number of oscillations ( Fig.14 (c) ,(d) ). However, chemistry of the present reaction of aromatic compounds suggests that both reaction K13 and K14 are equally important (Orbán et al., 1979) . The equilibrium of step K13 is well precedented, and equimolar mixtures of quinone and dihydroxybenzene are intensely colored, and the radical HAr(OH)O* may be responsible for the color changes observed during oscillations (Orbán et al., 1979) . In addition, step K14 is said to explain the observed coupling products and to prevent the buildup of quinone for further oscillations (Orbán et al., 1979) . In our numerical simulation, when we eliminated either step K13 or step K14, the simulated numerical results such as (i) the time series of oscillations, (ii) the initial concentration range of BrO 3 -, H 2 SO 4 , and HAr(OH) 2 for oscillations, and (iii) the dependence of the number of oscillations and induction period on the initial concentration of BrO 3 -became significantly different from those in experiments. In particular, the number of oscillations are too large under the above conditions as shown in Figs.14 (c) and (d). Such observation suggests that both K13 and K14 are important in the system studied here. Consequently, we have concluded that the simplified model should include reaction steps K1 to K10 in Scheme I, and K12, K13, and K14 in Scheme II to reproduce the experimental results qualitatively.
Influence of reaction step K11 on the equilibrium of step K13
The numerical investigation presented in Fig. 14b suggests that reaction step K11 is not necessary for qualitatively reproducing the experimental oscillations. Besides, more positive reason for eliminatiing step K11 from the present model is that step K11 affects the range of rate constant of the equilibrium step K13 significantly. The equilibrium must lie well to the left (Orbán et al., 1979) , i.e., the rate constant k r13 to the left must be much larger than that k 13 to the right. However, when we included step K11 in the model, we found no upper limit of the rate constant to the right; for instance, the rate constant can be more than 1.0 × 10 9 for the system to exhibit scillations under the conditions as shown in Fig.10 . This value is already too large for the rate constant to the right, because we set the rate constant to the left to be 3.0 × 10 4 in the present simulations.
On the other hand, if we eliminated step K11 from the modelling, the range of the rate constant to the right was 0.007 < k 13 (M -1 s -1 ) < 0.03 for the system to exhibit oscillations, which seems to be reasonable for the equilibrium reaction step K13 to lie well to the left. Thus, this numerical analysis suggests that reaction step K11 should be eliminated from the present model.
Conclusions
This chapter reviewed recent studies on the nonlinear dynamics in the bromatepyrocatechol reaction Wang, 2008a and 2008b) , which showed that spontaneous oscillations could be obtained under broad range of reaction conditions. However, when the concentration of bromate, the oxidant in this chemical oscillator, is fixed, the concentration of pyrocatechol within which the system could exhibit spontaneous oscillations is quite narrow. This accounts for the reason why earlier attempt of finding spontaneous oscillations in the bromate-pyrocatechol system had failed. As illustrated by phase diagrams in the concentration space, it is critical to keep the ratio of bromate/pyrocatechol within a proper range. From the viewpoint of nonlinear dynamics, bromate is a parameter which has a positive impact on the nonlinear feedback loop, where increasing bromate concentration enhances the autocatalytic cycle (i.e. nonlinear feedback). On the other hand, pyrocatechol involves in the production of bromide ions, a reagent which inhibits the autocatalytic process, where an increase of pyrocatechol concentration accelerates the production of bromide ions through reacting with such reagents as bromine molecules. The requirement of having a proper ratio of bromate/pyrocatechol reflects the need of having a balanced interaction between the activation cycle and inhibition process for the onset of oscillatory behaviour in this chemical system. If the above conclusion is rational, one can expect that the role that pyrocatechol reacts with bromine dioxide radicals to accomplish the autocatalytic cycle is less important than its involvement in bromide production in this uncatalyzed bromate oscillator, and therefore when a reagent such as metal catalyst is used to replace pyrocatechol to react with bromine dioxide radicals for completing the autocatalytic cycle, oscillations are still expected to be achievable. This is indeed the case. Experiments have shown spontaneous oscillations when cerium, ferroin or manganese ions were introduced into the bromate-pyrocatechol system. Numerical simulations performed in this research show that the observed oscillatory phenomena could be qualitatively reproduced with a generic model proposed for noncatalyzed bromate oscillators. The simulation further indicates that while either two reaction steps K12 and K13 or K12 and K14 together with ten steps K1 -K10 in Scheme I in the OKN mechanism are sufficient to qualitatively reproduce oscillations, three steps K12, K13, and K14 with ten steps K1 -K10 are more realistic for representing the chemistry involving the oscillatory reactions, and also for reproducing oscillatory behaviors observed experimentally. The ratio of the rate constants for the equilibrium reaction K13 was a key reference to eliminate reaction step K11 from the original model. Although the present model still needs to be improved to reproduce the experimental results quantitatively, it has given us a glimpse that the autocatalytic production of bromous acid could be modulated periodically even in the absence of a bromide ion precursor such as bromomalonic acid in the BZ reaction. Understanding the reproduction of bromide ion appears to be a key for deciphering the oscillatory mechanism for the family of uncatalyzed oscillatory reactions of substituted-aromatic compounds with bromate and should be given particularly attention in the future research.
